Abstract-This work presents a novel stretchable pH sensing patch to detect the pH in body fluid which is one of the most important parameters in human health monitoring. The sensing patch is a hybrid package comprising of polyimide/gold-based stretchable interconnects and graphite composite-based flexible pH sensor. With the integration of stretchable interconnects, the patch is able to withstand external stretching up to 50% longer than its original length. Moreover, the electrical behavior of the patch does not degrade as studied by the real-time resistance investigation. In order to protect the connecting electrodes and wirings from direct contacting with solution under analysis, the sensing patch is encapsulated with elastic polymer with the active sensing area exposed. The fabricated patch reveals a high pH sensitivity of 36.2 µA/pH in the pH range between 5 and 9 which is validated through electrochemical and electroanalytical studies.
INTRODUCTION
Rapid growth in flexible and stretchable electronics have opened new avenues for health monitoring. The conformability or the stretchability in healthcare technologies is vital because it allows the sensing device to conform to human body and thus enable robust measurements. However, such devices must have electrically and mechanically robust connection over certain degree of bending, twisting and stretching movements [1, 2] . This calls for suitable packages, especially with soft materials. In this paper we present a pH sensor patch with stretchable interconnects packaged in soft polydimethylsiloxane (PDMS). The pH sensor has been used here to demonstrate the utility of proposed packaged patch in healthcare applications. Amongst various physiological parameters, the pH value of body fluid is most important due to its strong relationship with the human activity. For example, the status of human body can be reflected in pH through sweat [3, 4] , diseases [5] , drug delivery [6] and wound monitoring [7] etc. The pH value in sweat can reflect the status of skin dehydration level and even detect the skin disease [4] . The pH value of wound indicates the wound healing status where the pH of healthy skin is around 5-5.5 and infected wounded skin will show a slightly basic pH (7-8.5) due to bacterial colonization [7] . A few works in literature have reported conformable or stretchable devices for health monitoring. These include stretchable electrochemical patch with the pH, humidity, glucose and temperature sensing [5] and stretchable skin-mountable device to measure the concentration of sodium chloride and pH [8] . While interesting sensing mechanisms have been demonstrated in literature, the packaging is largely ignored. For health applications the packaging plays a crucial role in the acceptance of new technology. The packaging in these application also has specific requirements. For example, the electrochemical sensing device requires its active area to be exposed to the fluid and rest of the components to be packaged in soft substrates to enable flexibility or stretchability. The electrical connects in the device should be encapsulated against any corrosive solution and aggressive solvent. Furthermore, the materials for packaging have to be chemically, electrically and thermally stable. Conventional packaging often realized in microfluidic channels [4] , molded blocks [9] and multi-layered lamination [7, 10] is insufficient for health applications. These techniques are either difficult to be implemented in real-time electrochemical sensing due to the fully sealed structure or difficult to be stretchable due to its rigidity. This paper presents a novel stretchable pH sensing patch packaged in soft PDMS. The package is an elastic polymer PDMS with all the electrical connection protected against solution under analysis. The sensing electrode, which is based on graphite composite, is sensible to pH values ranging from 5 to 9. The sensing electrode is flexible and has been integrated with serpentine-shaped stretchable interconnects with silver adhesive. The overall patch is packaged in a hybrid structure as depicted in Figure 1 where stretchable interconnects provide the stretchability in the system, flexible electrode actively sense the signal, silver adhesive electrically connects sensing electrode with stretchable interconnects and solid epoxy mechanically bonds all the connection area. In this way, the realized pH sensing patch can withstand around 50% external stretching and conformably attached to any arbitrary surface.
II. EXPERIMENTS
The overall fabrication process of the pH sensing patch can be separated into three phases which comprise the stretchable interconnect fabrication phase, pH sensing electrode fabrication phase and final device packaging phase.
A. Stretchable Interconnects fabrication
The stretchable interconnects were fabricated on silicon carrier wafer based on polyimide (PI) and gold. The design of interconnects has the serpentine shape in order to provide a high stretchability to the patch [11] . The serpentine-shaped interconnects in our work has a curved arc of 260° and a width of 500 µm as illustrated in Figure 2(a) . The fabrication process started from spin-on PI precursor on silicon carrier wafer. The serpentine shape pattern was realized through photolithography and dry etching followed by gold metal deposition on cured PI film. After this the interconnects were transferred via water soluble tape (3M, US) to the elastic PDMS (Sylgard ® , Dow Corning) substrate which has a thickness of 180 µm and prepared with a pre-polymer/ cross link ratio of 10:1.
B. pH sensing electrode fabrication
The sensing electrode is composed of a commercial multilayered graphene sheet (Graphene Supermarket, US) covered with printed graphite composite [12] . After printing, the graphite composite was cured in the oven at 80°C for 30 mins as described in Figure 2(c) .
C. Stretchable pH sensing patch packaging
The final pH sensing patch was assembled through steps as illustrated in Figure 2 . Silver ink were first applied to the contact pads from stretchable interconnects. Then the sensing electrode was transferred to bridge the two interconnects. Afterwards, the integration area was encapsulated by epoxy adhesive. In the end, the overall structure was encapsulated by PDMS with the sensing area opened.
III. RESULTS AND DISCUSSION
The electrochemical performance of the pH sensitive electrode was evaluated by electrical impedance spectroscopic (EIS) analysis in the AC frequency range between 10 mHz and 1 MHz using Metrohm Autolab. Buffer solution for testing the performance of pH sensing were used as received from SigmaAldrich. They have a pH value ranging from 5 to 9. Electrochemical experiments were performed using a two electrode system with an external glass Ag/AgCl reference electrode. Analytical performance of the device was performed by using the cyclic voltammetry (CV) with a sweeping the potential from -1 V to 1 V at a sweep rate of 0.05 V/s. Electromechanical experiments were performed on the vibration-resist table with a custom-made uniaxial stretching setup based on two linear step motors (Micronix, US). Simultaneously, the variation in electrical resistance of the prototype was recorded through multimeter (Agilent 34461A, US).
The complex impedance data of the electrode observed from EIS analysis is represented as a Nyquist plot in Figure 3 (left). The variation of complex impedance with pH of solution is due to the change of electrical properties of electrochemical double layer (EDL) formed between the graphite electrode-pH solution interface [10, 13] . The straight line in Nyquist plot represent the ion diffusion across the sensitive electrode from the pH solution. We observed that the angle for the straight line changes with the variation of H + /OH -ionic concentration in solution. As shown in Table 1 , the slope of the angle increases along with the increase in pH values. Due to the conductive nature of the graphite electrode, the charge transfer resistance at high frequency range is negligible (represented in the Figure 3(right) ). However, due to the variation in conductivity of buffer solution, there is a shift in the resistance Rs (shown in Table 1 ). The variation in Rs is due to influence of electrolyte resistance and other minor ohmic resistance of the material. The pH sensitivity of the electrode was measured by using electroanalytical CV measurements. Figure 4(left) indicates the relationship between the measured current and swept potential between -1 V and 1V. It is observed that the corresponded output current at 1 V decreases when the pH is increasing. In the meanwhile, oxidation and redox peaks can be noticed in the curve of pH 7 which may due to the impurity in the solution. Hence, the data point of pH 7 was not evaluated. The measured data points can linearly fit in curve with a slope of 36.2 µA/pH. The straight line confirms that the ionic diffusion at the electrode surface with changing pH value of solution [14] .
The electrical behavior of the fabricated device was mechanical stable when stretched at a ratio of 50% as depicted in Figure 5 . The device shows a maximum change in 6% under 50% stretching. The change in overall resistance of the device is attributable to (a) the deformation in conductors, (b) change in contact resistance and (c) bending effect of composite. The effective contributions of these factors are illustrated in Figure 5 .
IV. CONCLUSION
In this work, a stretchable pH sensing patch with soft PDMS package was fabricated and characterized through electrochemical and electromechanical measurements. The fabricated sensing patch has a pH sensitivity of 36.2 µA/pH. The hybrid package structure allows the overall patch withstand a stretchability of 50%. Furthermore, the electrical behavior of pH sensing patch shows to be stable against external stretching. 
